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ABSTRACT

The proteins of the Wnt family are involved in a variety of physiological processes by means 
of several canonical and noncanonical signaling pathways. Wnt signaling has been recently 
identified as a major player in atherogenesis. In this review, we summarize the existing 
knowledge on the influence of various components of the Wnt signaling pathways on 
the initiation and progression of atherosclerosis and associated conditions. We used the 
PubMed database to search for recent papers on the involvement of the Wnt pathways in 
atherosclerosis. We used the combination of “Wnt” and “atherosclerosis” keywords to find 
the initial papers, and chose papers published after 2018. In the first section of the paper, 
we describe the general mechanisms of the Wnt signaling pathways and their components. 
The next section is dedicated to existing studies assessing the implication of Wnt signaling 
elements in different atherogenic processes, such as cholesterol retention, endothelial 
dysfunction, vascular inflammation, and atherosclerotic calcification of the vessels. Lastly, 
various therapeutic strategies based on interference with the Wnt signaling pathways are 
considered. We also compare the efficacy and availability of the proposed treatment methods. 
Wnt signaling can be considered a potential target in the treatment and prevention of 
atherosclerosis. Therefore, in this review, we reviewed evidences showing that wnt signaling 
is an important signal for developing appropriate treatment strategies for atherosclerosis.
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OVERVIEW OF THE Wnt PATHWAYS

The term Wnt is a portmanteau of wingless—a critical segmentation gene in Drosophila—and 
int-1, a homologous gene in mammals. This protein family includes 19 glycoproteins that attach 
to the receptors of the Frizzled family (Fzd). Ten variants of Fzd can be observed in humans, 
and the corresponding proteins have seven transmembrane domains recognized as a separate 
family of G protein-coupled receptors.1 When Wnt is bound to Fzd, the signal is sent to the 
Dishevelled protein (Dvl) in the cytoplasm, followed by activation of three separate signaling 
pathways: the canonical (β-catenin-dependent) Wnt pathway, the noncanonical planar cell 
polarity (Wnt/PCP) pathway, and the Wnt-calcium (Wnt/Ca2+) pathway.2
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1. The canonical Wnt pathway
The best characterized is the canonical Wnt pathway, which is schematically presented in 
Fig. 1. It governs numerous processes in the body, including cell fate, organogenesis, and 
bone metabolism. In a resting state, the phosphorylation of β-catenin is controlled by a 
protein complex consisting of Axin, adenomatous polyposis coli (APC) protein, and glycogen 
synthase kinase-3 (GSK3). Subsequently, it is tagged by multiple ubiquitin molecules and 
degraded by proteasomes.3 When Wnt signaling is active, it triggers Dvl by binding to Fzd 
receptors and low-density lipoprotein receptor-related protein 1 (LRP1). Dvl then inhibits 
the function of GSK3 and dismantles the Axin, APC protein, and GSK3 scaffold responsible 
for β-catenin degradation, leading to its accumulation in the cytoplasm. The β-catenin 
is then transported to the nucleus, where it is recruited by members of the T-cell factor/
lymphoid enhancer-binding factor 1 (LEF1) family and other factors. This recruitment 
allows the complex to either activate or suppress the target Wnt genes.4 The fate of the cell 
is determined by the availability of different receptors. Their interaction with Wnt molecules 
can lead to the formation of various complexes.5

When signaling is inactive, in the absence of Wnt, intracellular β-catenin is phosphorylated 
by a complex containing Axin, APC, GSK3β, casein kinase (CK1α). Phosphorylated β-catenin 
undergoes ubiquitination and targeting for proteasomal degradation. Without intranuclear 
β-catenin, target genes are suppressed via the action of histone deacetylases triggered by 
the T cell factor (TCF)/LEF proteins. In the active state, Wnt ligands bind Frizzled and LRP 
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Fig. 1. Canonical Wnt pathway. 
TCF, T cell factor; GSK3, glycogen synthase kinase-3; APC, adenomatous polyposis coli; LRP, low-density 
lipoprotein receptor-related protein.
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co-receptors. This results in LRP phosphorylation by CK1α and GSK3β, and the recruitment 
of Dvl proteins. Upon accumulation, Dvl become polymerized and activated, inactivating the 
degradation complex. The cytoplasmic β-catenin is free to accumulate and migrate to the 
nucleus. In the nucleus, it associates with LEF and TCF and recruits histone-modifying co-
activators to promote gene expression and the activation of numerous cellular processes.

2. Noncanonical Wnt pathways
The best-known noncanonical/β-catenin–independent Wnt signaling pathways are Wnt/
PCP and Wnt/Ca2+. Other noncanonical pathways involve Ror2, RAP1, PKA, JNK, GSK3MT, 
and RYK, as well as the Wnt-mTOR pathway.6 All the above-mentioned pathways overlap to 
a certain degree. It is believed that Wnt1, Wnt3a, Wnt8, and Wnt8b play a role in the Wnt/β-
catenin signaling cascade, while Wnt4 and Wnt5a are involved in the noncanonical cascades. 
The overlap between the pathways complicates the classification of the molecules.7

In the Wnt/PCP pathway, the GTPases Rac and Rho are activated. Since these enzymes regulate 
alterations in the host cytoskeleton, this pathway can cause lateral asymmetry. In the Wnt/Ca2+ 
pathway, Wnt tethers to the Fzd, stimulating its interaction with the Dvl/Axin/GSK3 complex.8 
GSK3 is involved in the phosphorylation of Ror1 and Ror2, a Wnt-Fzd coreceptor, which 
results in the activation of phospholipase C, leading to phosphatidylinositol 4,5-bisphosphate 
cleavage into inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG). IP3 activates 
calcium channels on the endoplasmic reticulum (ER), leading to higher levels of Ca2+, which 
in turn mediates calmodulin-dependent protein kinase II activation.9 Activated Ca2+ particles 
from the ER also mediate the activation of protein kinase C through 1,2-DAG. The mobilized 
kinases activate a number of nuclear transcription factors, and the released Ca2+ ions may 
activate the phosphatase calcineurin, a protein susceptible to dephosphorylation, which 
results in the activation of cytoplasmic nuclear factor related to T cells. The translocation of 
nuclear factors into the nucleus affects target Wnt gene transcription.10

Wnt SIGNALING IN ATHEROSCLEROSIS

The role of Wnt signaling in atherogenesis was reported for the first time in a family from 
Iran, with autosomal dominant CAD, high blood pressure, high blood lipid levels, and 
osteoporosis resulting from a missense mutation (R611C) in the LRP6 gene. Another variant 
of LRP6 that is observed more commonly, I1062V, has been associated with a higher risk for 
atherosclerosis in subjects with high blood pressure.11 In such individuals, the release of LRP6 
in arterial atherosclerotic lesions was much lower; however, unlike R611C, it did not result 
in hyperlipidemia. Based on the fact that LRP is a co-receptor in the Wnt pathway, these data 
indicate a possible involvement of this signaling cascade in atherosclerosis. Wnt levels and 
their implications for atherosclerotic plaques have been examined in several studies.12 We 
summarized the potential implications of Wnt signaling to atherosclerosis in Fig. 2.

In a study by Christman et al.,13 higher Wnt5a content was observed in the sites of 
macrophage accumulation within the intima in plaques of humans and murine models. 
Additional studies by the same group confirmed the association between Wnt5a content 
and the degree of atherosclerosis.14 Wnt5a expression in human macrophages and THP-1 
cells could be promoted by oxidized low-density lipoprotein (LDL), while native LDL had no 
such effect. By contrast, Wnt5a was reported to decrease cellular cholesterol accumulation 
by moderating the mRNA production of caveolin and ATP-binding cassette transporter A1 
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(ABCA1), which mediate cholesterol efflux. These findings suggest a new pathway for Wnt5a-
related cellular cholesterol transport. Wnt-signaling antagonists, such as Dickkopf-related 
protein 1 (DKK1), were also observed in late-stage atherosclerotic plaques and thrombus 
material from unstable plaques.

Various molecules involved in the Wnt pathways have been observed not only in plaques, 
but also in the circulation. Higher Wnt5a and DKK1 levels were reported in patients with 
atherosclerosis, the latter being also prevalent in subjects with acute myocardial infarction 
and stroke.15 DKK1 has also been independently associated with coronary atherosclerosis and 
calcification and identified as a risk factor for cardiac events. A study of patients with premature 
myocardial infarction assessed Wnt1 and DKK1 levels 3 days and 12 months following the 
event.16 Wnt1 levels were considerably lower than in controls and remained stable throughout 
the 12-month period, while higher DKK1 concentrations were observed only 12 months after 
the event. These findings prove that components of Wnt signaling cascades spread over from 
the impaired tissues to the circulation, where they can easily be detected.17

1. Wnt signaling in endothelial dysfunction
Endothelial dysfunction is the first step in atherogenesis. It leads to monocyte recruitment 
to the subintimal layer of the vessels. There, monocytes transform into macrophages and 
release cytokines, promoting the accumulation of vascular smooth muscle cells (vSMCs) 
in the intima.18 Macrophages and vSMCs lead to lipid retention in the vessel wall, initiating 
lesion formation. Advanced lesions develop a fibrous cap. Plaque destabilization may lead to 
a rupture, and result in the formation of a thrombus that can potentially block the artery.19

Endothelial cells are a barrier between the blood and the rest of the vessel wall tissue. The 
endothelium is critically important for blood tone regulation, as it releases blood flow 
mediators including nitric oxide. Endothelial cells react to both mechanical and chemical 
triggers.20 Endothelial damage typically takes place at vessel bifurcation sites where the 
blood flow is less stable. Endothelial injury triggers the release of pro-inflammatory and 
coagulation-related genes, leading to the permeation of inflammatory cytokines into the 
intima. Endothelial dysfunction is an important step in atherogenesis.21

Numerous studies have examined the impact of Wnt on endothelial function. Wright et al. 
identified the presence of certain members of the Fzd and Wnt families in murine human 
umbilical vein endothelial cell (HUVEC) and brain microvascular endothelial cells. Their 
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study noted increased levels of β-catenin due to Wnt1 activity, leading to the mobilization 
of a (TCF/LEF)-dependent reporter construct, indicative of activity in the canonical Wnt 
pathway.22 Elevated levels of Wnt1 were found to stimulate in vitro proliferation of endothelial 
cells, whereas Wnt5a did not have this effect. However, subsequent studies revealed that 
Wnt5a/Ca2+ signaling encouraged endothelial cell proliferation, while canonical Wnt 
signaling inhibited it.23 Goodwin et al.24 conducted a comprehensive analysis of all Wnt-
signaling components present in various types of endothelial cells. They found Wnt2b, 4, 
and 5a, as well as Fzd6 and 8, in all samples, while the distribution of other Wnt and Fzd 
varied depending on the origin of the endothelial cells. They also observed that subconfluent 
endothelial cells exhibited higher levels of intracellular β-catenin stabilization and reporter 
gene release compared to confluent endothelial cells. The significant variability in the 
expression of Wnt and Fzd members among endothelial cells of different origins may account 
for some discrepancies in existing studies.25

Both endothelial dysfunction and inflammation play an important role in early 
atherosclerosis. Members of the Wnt family can influence the proliferation of endothelial 
cells and mediate related inflammatory processes.26 Kim et al.27 reported that endothelial 
cells, after being exposed to Wnt5a for 1 hour, released inflammatory cytokines such as 
interleukin (IL)-1α, IL-6, and IL-8, as well as upregulating inflammatory genes such as COX2. 
This expression was even more pronounced with pulsatile exposure. The study’s findings 
suggest that the activation of inflammatory genes results from an interaction between tumor 
necrosis factor (TNF)-α and Wnt5a, which are responsible for activating nuclear factor (NF)-
κB through IKK and Ca2+/protein kinase C (PKC) signaling, respectively.

A recent study evaluated the role of p66shc, a pro-apoptotic protein that mediates oxidative 
stress, in the canonical Wnt signaling pathway in HUVEC. The study found that Wnt3a rapidly 
induced the phosphorylation of this protein by JNK at Ser36, a process that could be inhibited 
by DKK1. When p66shc was knocked down, there was a decrease in β-catenin-related gene 
transcription. The mobilization of β-catenin reduced the relaxation of aortic rings induced 
by the endothelium in mice, which was associated with an increase in reactive oxygen 
species.28 These findings underscore the significance of p66shc in Wnt3a-induced endothelial 
dysfunction. Although endothelial cells release components of Wnt signaling pathways, the 
activation of these signaling cascades could potentially lead to endothelial dysfunction.

2. Wnt signaling in inflammation
Since it is an inflammatory condition, atherosclerosis initiation is to a great extent mediated 
by macrophages. Monocyte adhesion to endothelial lesions leads to their recruitment into 
the intima and further differentiation into macrophages. Macrophages accumulate lipids, 
resulting in foam cell formation. Furthermore, enzymes released by macrophages can weaken 
the fibrous caps of the plaque, making it less stable. Plaque rupture leads to thrombus 
formation and may result in acute cardiovascular events.29

Studies have shown that areas of macrophage accumulation in lesions are also rich in Wnt5a. 
This finding indicated a need for further examination of Wnt involvement in macrophage 
activation. Both bacterial structures and oxidized LDL can promote Wnt5a release in 
macrophages. Wnt5a and Fzd5 cooperatively initiate the release of inflammatory cytokines, 
aggravating inflammation.30 By contrast, Wnt3a inhibits GSK3β, which is responsible for NF-
κB-dependent gene transcription, and thus protects against inflammation.31
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Borrell–Pages et al. examined the effect of LRP5 on macrophages under lipid overload. 
Aggregated LDL was used to promote LRP5 transcription.32 LRP5 suppression by siRNA 
decreased macrophage lipid retention as well as their motility and resulted in lower LDL 
uptake. Thus, LRP5 is an important component of the response to lipid permeation and 
inflammation. The authors also evaluated the effect of LRP5 in vivo. The trial involved LRP5 
knockout mice on high-lipid feeding. Compared to wild-type controls, the animals gradually 
developed mild hyperlipidemia and presented with more advanced atherosclerotic lesions, 
proving the protective role of LRP5 in atherosclerosis. These findings are in line with 
earlier trials reporting significant foam cell aggregation and aggravated atherosclerosis in 
apolipoprotein E (apoE)/LRP5 double knockout models in comparison with apoE−/− mice.33

3. Wnt signaling in vSMC activation
The recruitment of vSMCs into the intima is an important step in the formation of 
atherosclerotic plaque. The activation of vSMCs is a complex process, presumably related 
to inflammation. As a result, vSMCs proliferate and migrate into the arterial wall at the site 
of the lesion.34 At the same time their phenotype changes from contractile to synthetic, 
leading to higher expression of extracellular matrix-related proteins and cytokines and lower 
expression of contractile proteins.

As evidenced by several studies, β-catenin promotes vSMC proliferation. An element in 
Wnt signaling, β-catenin enhances the release of genes mediating vSMC proliferation, such 
as cyclin D1, through TCF4. Several trials using balloon denudation of the carotid artery 
have confirmed this mechanism. Ligation of the artery in TOPGAL line mice showed that 
β-catenin-related signaling pathway was active in the intima and media layers on the third 
and 28th day following the ligation. Furthermore, β-catenin can be found in the cytoplasm, 
where it is present in its free form.35 It also occurs at the plasma membrane together with 
other catenins and cell adhesion molecules, regulating cellular adhesion. When these 
complexes are dissolved, free β-catenin can be moved to the nucleus and promote vSMC 
proliferation through the release of D1. This process explains vSMC proliferation upon 
transfer from the media to the intima.36

Several studies have focused on demonstrating Wnt involvement in vSMC proliferation. 
Those trials have shown that both Wnt1 and Wnt3 can activate the canonical Wnt signaling 
pathway, leading to the release of cyclin D in vSMCs. It has been proven that the suppression 
of Wnt signaling through LPR6 significantly reduces vSMC proliferation.37 Research 
conducted on mice with inhibited Wnt4 has revealed that this member of the Wnt family 
also contributes to the endogenous activation of platelet-derived growth factor BB-induced 
vSMC proliferation. The addition of a Wnt inhibitory factor and the overexpression of sFPR1 
have been shown to suppress vSMC proliferation, as demonstrated in both in vivo and in vitro 
studies. These findings underscore the significance of Wnt in cell proliferation.38

As described above, the inhibition of GSK3β kinase activity, which occurs after the disruption 
of the Axin, APC protein, and GSK3 scaffold, is a crucial step in the canonical Wnt signaling 
pathway. The activity of this enzyme can also be suppressed through phosphorylation, which 
in turn promotes the accumulation of β-catenin. This pathway is implicated in the IL-18-related 
proliferation of vSMCs in human veins, presumably via an IL-18-induced signaling pathway.39

Furthermore, GSK3β also mediates nuclear factor of activated T-cells (NFAT) signaling. 
Hyperphosphorylated NFAT is found in the cytoplasm, and can be phosphorylated by a 
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number of kinases, one of which is GSK3β.40 The phosphatase calcineurin is activated as a 
result of exposure to elevated intracellular Ca2+ levels. The enzyme dephosphorylates NFAT 
and triggers its translocation to the nucleus, accelerating vSMC motility and proliferation.41

4. Wnt-receptor interaction and cholesterol homeostasis
Cholesterol in mammals is typically synthesized or produced through LDL endocytosis 
by the LDL receptor (LDLr) and then quickly distributed within the cell through various 
mechanisms.42 One involves moving internalized LDL particles to late endosomes, where 
they are degraded, and esterified cholesterol is then hydrolyzed by acid lipase into free 
cholesterol. It is then moved to the ER and re-esterified into cholesteryl esters by acyl-
coenzyme A (CoA): cholesterol acyltransferases. The production of new cholesterol in the ER 
is strictly controlled based on its concentration.43

When cholesterol levels are elevated, the protein embedded in the membrane binds to 
Insigs in the endoplasmic reticulum. This action restricts the movement of sterol regulatory 
element-binding proteins into the nucleus, subsequently reducing cholesterol production.44

Numerous pathways involved in the development of atherosclerosis have been identified 
during the last 30 years. Wnt signaling pathways have recently been identified as important 
contributors to atherogenesis. Their association with the progression of the disease was 
initially observed in subjects with a mutation on the Wnt co-receptor LRP6.45 This receptor 
belongs to the LDLr family. High levels of cholesterol were reported in these subjects, as well 
as elevated concentrations of triglycerides and glucose during fasting, providing a basis for 
the development of metabolic syndrome and atherosclerosis.46

Trials using murine models of LRP6 loss-of-function mutation have confirmed its association 
with coronary artery disease. Additionally, modifications to LRP6 can lead to increased 
cholesterol synthesis and steatosis in the liver. However, administering Wnt3a to these 
animals normalized liver cholesterol synthesis and regulated cholesterol and triglyceride 
levels in the blood.47 Another Wnt co-receptor, LRP5, also exhibits atheroprotective 
properties. Murine models with compromised LRP5 developed larger lesions compared to 
the control group. In a similar vein, apoE/LRP5 double knockout mice developed larger and 
more advanced lesions than apoE knockout models when fed a high-cholesterol diet.48

An association was also observed between low levels of Wnt ligands (specifically low Wnt1) in 
the blood of patients with atherosclerosis and high levels of triglycerides and cholesterol.49

LRP1 is a large endocytic chylomicron remnant receptor found in various tissues. It is 
responsible for hepatic lipid metabolism and interacts with LDLr. Trials involving gene 
deletion in some tissues have demonstrated the importance of LRP1 in normal vessel 
functioning. The lack of the gene in macrophages or smooth muscle cells immediately 
induces atherosclerosis in mice on high-cholesterol feeding.50

Foam cells and free cholesterol crystals were observed in the arterial intima of animals 
with genetic abnormalities. The deletion of LRP1 in mouse embryonic fibroblasts (MEFs) in 
combination with adipogenic cocktail treatment did not induce formation of adipocyte-like 
cells, but resulted in a significant elevation of free cholesterol and cholesterol ester content in 
the cells compared to embryonic fibroblasts without the mutation.51
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The ability of LRP1 to downregulate cholesterol content and its consequent atheroprotective 
qualities may be because LRP1 acts as a co-receptor of platelet-derived growth factor receptor 
β and transforming growth factor (TGF)-β in cholesterol clearance. At the same time, LRP1 is 
involved in many signaling pathways, including Wnt5a, which may result in the suppression 
of cholesterol retention in the cells.52 Wnt5a is abundantly expressed in both vSMCs and 
MEFs in the presence of LRP1. However, none or little Wnt5a was observed in cells lacking 
the LRP1 gene. Cholesterol retention was blocked by recombinant Wnt5a treatment, as well as 
retransfection of the cells with an expression vector encoding Wnt5a.53

In mice lacking LRP1, fewer Wnt5a ligands were observed in aortic vSMCs. This condition 
leads to the maintenance of higher concentrations of Insig-1, which inhibits the transport of 
sterol-regulatory element-binding protein from the ER to the Golgi. Consequently, there are 
lower concentrations of 3-hydroxy-3-methylglutaryl (HMG)-CoA synthase and HMG-CoA 
reductase, leading to a decrease in cholesterol synthesis. Moreover, vSMCs and macrophages 
deficient in Wnt5 tended to accumulate more free and total cholesterol when exposed to 
oxidized LDL. However, treatment with recombinant Wnt5a resulted in a reduction of 
cholesterol content.54

Several studies have demonstrated that the expression of Wnt5a is higher in human 
atherosclerotic lesions. In one particular cohort of atherosclerotic patients, elevated levels 
of Wnt5a were observed in roughly 50% of the patients, while the remaining 50% exhibited 
Wnt5a expression levels similar to those of the control group.55 However, it is worth noting 
that this observed association does not necessarily suggest a causal role of Wnt5a in 
atherosclerosis. Such a suggestion would contradict existing evidence that Wnt signaling 
actually downregulates lipid retention. These findings underscore the need for more in-depth 
mechanistic studies, particularly those involving genetics, as well as additional research into 
cholesterol accumulation in the perinuclear area of Wnt5a-knockout cells and the processes 
that drive Wnt5a's role in cholesterol downregulation.56

Furthermore, Wnt5a can contribute to cholesterol clearance. Caveolae—small invaginations 
in the cell plasma membrane—can be found in various cell types and contain sphingolipids, 
caveolin and cholesterol.57 They are also used as scaffolds by various signaling molecules, 
such as ABCA1, which mediates cholesterol efflux, or TGF-β, which is involved in Wnt5a 
secretion in human vSMCs. Wnt5a knockdown cholesterol-rich vSMCs have low content of 
these signaling molecules, which explains the higher content of total and free cholesterol 
in the cells. Treatment with Wnt5a can reverse these processes in macrophages or vSMCs 
and decrease cholesterol content.58 Other trials have demonstrated the involvement of ATP-
binding cassette transporter G1 in Wnt5a-regulated cholesterol clearance. Wnt5a activates 
this protein, which then promotes cholesterol efflux. Therefore, Wnt5a plays a crucial role in 
cellular cholesterol regulation and clearance.59

5. Involvement of Wnt signaling in atherosclerotic vascular calcification
Evidence indicates that vascular calcification in LDLR−/− mice with diabetes is linked 
to Wnt signaling upregulation mediated by type 2 bone morphogenetic protein. Bone 
morphogenetic protein 2 has been found in atherosclerotic plaques, specifically in 
myofibroblasts and endothelial cells. Its expression is driven by various pathogenic stimuli, 
such as TNF-α, hyperglycemia, and oxidized lipids.60 Besides, it mediates osteogenic gene 
expression programs by activating Msx2 protein responsible for craniofacial calcification. 
Msx2 is a transcription factor that enhances osteogenic differentiation and at the same time 
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inhibits lipid accumulation in myofibroblasts. Msx2 increases the expression of multiple Wnt 
ligands and downregulates DKK1, a potent antagonist of the Wnt pathway, thus stimulating 
Wnt signaling.61 In fact, Wnt and Msx2 appear to reciprocally interact. For example, Msx2 
promotes TCF7LEF transcription factors (mediators of Wnt signaling), enhances β-catenin 
translocation to the nucleus, and upregulates a non-canonical ligand Wnt5 and the canonical 
ligands Wnt3a and Wnt7.62

TARGETING STRATEGIES

In theory, non-canonical Wnt signaling could potentially be chemically inhibited using 
agents such as Rac family small GTPase 1 (RAC1) or secreted frizzled related proteins 
(SFRPs). Recent evidence indicates that non-canonical Wnt signaling can be effectively 
targeted through gene editing techniques, such as CRISPR–Cas9, antisense oligonucleotides 
(ASOs), and monoclonal antibodies (MAs). However, MAs carry a higher risk of serious 
adverse events due to their systemic delivery and the resulting inhibition of Wnt in all body 
tissues.63 While ASOs and gene editing offer more site-specific inhibition of Wnt signaling, 
these methods have not yet been incorporated into clinical practice as they require further 
validation and development. The use of nanoparticles, whether introduced locally or 
systemically, can enhance the delivery of medications to their intended targets. Wnt signaling 
could potentially be inhibited effectively and specifically using nanoparticles that are affined 
to certain molecules, such as endothelial markers, in conjunction with ASOs or gene editing 
techniques. This approach has been demonstrated in a study where lipid nanoparticles 
carrying macrophage-specific, promoter-driven plasmids were used to target macrophages 
causing vessel inflammation.64

1. Potential targets
The non-canonical Wnt signaling system, with its complex network of upstream and 
downstream signal transduction pathways, could theoretically be targeted at various points 
using the methods previously discussed. However, it should be noted that there is cross-
regulation between canonical and non-canonical Wnt signaling. Therefore, any interference 
with non-canonical Wnt signaling could potentially affect canonical Wnt signaling.65

Wnt ligands and SFRP inhibitors
Non-canonical Wnt ligands appear to be the most logical point for therapeutic intervention 
in the downstream pathway. However, it is not feasible to target all non-canonical ligands 
simultaneously, so research teams have selected Wnt5a as a representative ligand. Systemic 
targeting of Wnt5a with MAs or recombinant SFRPs could potentially address this issue. 
However, as previously noted, this approach carries the risk of inhibiting Wnt in all body 
tissues. Consequently, it seems more reasonable to target specific tissues, such as body fat 
tissue, although this is currently not practicable.65

Wnt receptors
Non-canonical Wnt signaling could potentially be significantly suppressed by reducing the 
quantity of Frizzled receptors, such as Fzd2 and Fzd5. These receptors have been observed 
to be overexpressed in the breast arteries of patients with obesity, suggesting an active 
interaction with Wnt ligands. The downregulation of these receptors could be achieved 
through gene silencing or editing technologies, utilizing promoters that are active only in 
specific cell types. Nevertheless, further research in this field is required.66
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Downstream signal transduction molecules
The detrimental effects of noncanonical Wnt signaling could potentially be mitigated by 
targeting downstream molecules such as calcium/calmodulin-dependent protein kinase II 
(CaMKII), JNK, RAC1, PKC, and ubiquitin-specific protease 17 (USP17), a recently identified 
Wnt5a ligand target.67 However, the challenge lies in the fact that many pathways unrelated 
to Wnt also utilize these molecules. Therefore, specifically targeting them could result in 
unintended consequences.

Positive outcomes were observed in mouse models when RAC1 levels were reduced, including 
a decrease in cardiac oxidative stress and ER stress. This can be achieved using RAC1 
allosteric inhibitors. The therapeutic effects of various JNK inhibitors have been identified in 
animal studies on neurodegeneration and in a phase 1b clinical trial involving humans with 
lung fibrosis.68 In vivo studies have shown that targeting CaMKII can reduce plaque burden 
in an apoE knockout mouse model. Another study involving mice reported beneficial effects 
from using KN93 to target CaMKII in heart failure induced by pressure overload. However, 
inhibiting PKC in vivo presents a challenge due to its numerous isoforms. Recent studies have 
shown that USP17 enhances RAC1 activation and is a redox-sensitive target downstream of 
Wnt5a, suggesting it could potentially serve as a therapeutic target.68

CONCLUSION

In this review, we have examined the role of Wnt signaling in the onset and progression 
of atherosclerosis. Numerous studies have investigated the role of various Wnt signaling 
pathways and their components in the progression of the disease. While there is currently 
no consensus on the involvement of Wnt in disease progression, it is evident that many Wnt 
signaling components play a part in the mechanisms of atherogenesis, either directly or by 
mediating atherogenic processes such as cholesterol accumulation. Research has indicated 
that mutations in the genes that regulate the secretion of LRP co-receptors can lead to 
elevated cholesterol levels. Additionally, disordered Wnt function has been found to cause 
endothelial dysfunction. Furthermore, several studies have corroborated the impact of Wnts 
on the proliferation and motility of macrophages and vSMCs, ultimately leading to vascular 
inflammation. Undoubtedly, Wnt signaling can be considered a potential target for the 
treatment and prevention of atherosclerosis, but the creation of viable therapeutic strategies 
certainly necessitates further investigation. The main challenge lies in identifying tissue-
specific treatment approaches, as a global intervention could potentially have adverse effects 
on the entire body. Thus, we strengthen the importance of Wnt signaling in the development 
of atherosclerosis in this review.

REFERENCES

	 1.	 Bhavanasi D, Klein PS. Wnt signaling in normal and malignant stem cells. Curr Stem Cell Rep 2016;2:379-387. 
PUBMED | CROSSREF

	 2.	 Sharma M, Castro-Piedras I, Simmons GE Jr, Pruitt K. Dishevelled: a masterful conductor of complex Wnt 
signals. Cell Signal 2018;47:52-64. 
PUBMED | CROSSREF

	 3.	 Verheyen EM, Gottardi CJ. Regulation of Wnt/beta-catenin signaling by protein kinases. Dev Dyn 
2010;239:34-44. 
PUBMED | CROSSREF

232https://doi.org/10.12997/jla.2023.12.3.223

Wnt Signaling in Atherosclerosis

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

http://www.ncbi.nlm.nih.gov/pubmed/28503404
https://doi.org/10.1007/s40778-016-0068-y
http://www.ncbi.nlm.nih.gov/pubmed/29559363
https://doi.org/10.1016/j.cellsig.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19623618
https://doi.org/10.1002/dvdy.22019


	 4.	 Wu D, Pan W. GSK3: a multifaceted kinase in Wnt signaling. Trends Biochem Sci 2010;35:161-168. 
PUBMED | CROSSREF

	 5.	 Komiya Y, Habas R. Wnt signal transduction pathways. Organogenesis 2008;4:68-75. 
PUBMED | CROSSREF

	 6.	 Kohn AD, Moon RT. Wnt and calcium signaling: beta-catenin-independent pathways. Cell Calcium 
2005;38:439-446. 
PUBMED | CROSSREF

	 7.	 MacDonald BT, Tamai K, He X. Wnt/beta-catenin signaling: components, mechanisms, and diseases. Dev 
Cell 2009;17:9-26. 
PUBMED | CROSSREF

	 8.	 Li F, Chong ZZ, Maiese K. Winding through the Wnt pathway during cellular development and demise. 
Histol Histopathol 2006;21:103-124. 
PUBMED | CROSSREF

	 9.	 De A. Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochim Biophys Sin (Shanghai) 2011;43:745-756. 
PUBMED | CROSSREF

	10.	 Thiel G, Schmidt T, Rössler OG. Ca2+ microdomains, calcineurin and the regulation of gene transcription. 
Cells 2021;10:875. 
PUBMED | CROSSREF

	11.	 Abou Ziki MD, Mani A. Wnt signaling, a novel pathway regulating blood pressure? State of the art review. 
Atherosclerosis 2017;262:171-178. 
PUBMED | CROSSREF

	12.	 Go GW. Low-density lipoprotein receptor-related protein 6 (LRP6) is a novel nutritional therapeutic target 
for hyperlipidemia, non-alcoholic fatty liver disease, and atherosclerosis. Nutrients 2015;7:4453-4464. 
PUBMED | CROSSREF

	13.	 Christman MA 2nd, Goetz DJ, Dickerson E, McCall KD, Lewis CJ, Benencia F, et al. Wnt5a is expressed in 
murine and human atherosclerotic lesions. Am J Physiol Heart Circ Physiol 2008;294:H2864-H2870. 
PUBMED | CROSSREF

	14.	 Kummitha CM, Mayle KM, Christman MA 2nd, Deosarkar SP, Schwartz AL, McCall KD, et al. A sandwich 
ELISA for the detection of Wnt5a. J Immunol Methods 2010;352:38-44. 
PUBMED | CROSSREF

	15.	 Weerackoon N, Gunawardhana KL, Mani A. Wnt signaling cascades and their role in coronary artery 
health and disease. J Cell Signal 2021;2:52-62. 
PUBMED | CROSSREF

	16.	 Garcia-Martín A, Reyes-Garcia R, García-Fontana B, Morales-Santana S, Coto-Montes A, Muñoz-
Garach M, et al. Relationship of Dickkopf1 (DKK1) with cardiovascular disease and bone metabolism in 
Caucasian type 2 diabetes mellitus. PLoS One 2014;9:e111703. 
PUBMED | CROSSREF

	17.	 Foulquier S, Daskalopoulos EP, Lluri G, Hermans KC, Deb A, Blankesteijn WM. Wnt signaling in cardiac 
and vascular disease. Pharmacol Rev 2018;70:68-141. 
PUBMED | CROSSREF

	18.	 Milutinović A, Šuput D, Zorc-Pleskovič R. Pathogenesis of atherosclerosis in the tunica intima, media, 
and adventitia of coronary arteries: an updated review. Bosn J Basic Med Sci 2020;20:21-30. 
PUBMED | CROSSREF

	19.	 Grootaert MO, Bennett MR. Vascular smooth muscle cells in atherosclerosis: time for a re-assessment. 
Cardiovasc Res 2021;117:2326-2339. 
PUBMED | CROSSREF

	20.	 Félétou M. Chapter 4. Endothelium-dependent regulation of vascular tone. In: The endothelium: Part 1: Multiple 
functions of the endothelial cells—focus on endothelium-derived vasoactive mediators [Internet]. San Rafael 
(CA): Morgan & Claypool Life Sciences; 2011. Available from: https://www.ncbi.nlm.nih.gov/books/NBK57147/.

	21.	 Theofilis P, Sagris M, Oikonomou E, Antonopoulos AS, Siasos G, Tsioufis C, et al. Inflammatory 
mechanisms contributing to endothelial dysfunction. Biomedicines 2021;9:781. 
PUBMED | CROSSREF

	22.	 Olsen JJ, Pohl SÖ, Deshmukh A, Visweswaran M, Ward NC, Arfuso F, et al. The role of Wnt signalling in 
angiogenesis. Clin Biochem Rev 2017;38:131-142.
PUBMED

	23.	 Masckauchán TN, Agalliu D, Vorontchikhina M, Ahn A, Parmalee NL, Li CM, et al. Wnt5a signaling 
induces proliferation and survival of endothelial cells in vitro and expression of MMP-1 and Tie-2. Mol Biol 
Cell 2006;17:5163-5172. 
PUBMED | CROSSREF

233https://doi.org/10.12997/jla.2023.12.3.223

Wnt Signaling in Atherosclerosis

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

http://www.ncbi.nlm.nih.gov/pubmed/19884009
https://doi.org/10.1016/j.tibs.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19279717
https://doi.org/10.4161/org.4.2.5851
http://www.ncbi.nlm.nih.gov/pubmed/16099039
https://doi.org/10.1016/j.ceca.2005.06.022
http://www.ncbi.nlm.nih.gov/pubmed/19619488
https://doi.org/10.1016/j.devcel.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/16267791
https://doi.org/10.14670/hh-21.103
http://www.ncbi.nlm.nih.gov/pubmed/21903638
https://doi.org/10.1093/abbs/gmr079
http://www.ncbi.nlm.nih.gov/pubmed/33921430
https://doi.org/10.3390/cells10040875
http://www.ncbi.nlm.nih.gov/pubmed/28522145
https://doi.org/10.1016/j.atherosclerosis.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26046396
https://doi.org/10.3390/nu7064453
http://www.ncbi.nlm.nih.gov/pubmed/18456733
https://doi.org/10.1152/ajpheart.00982.2007
http://www.ncbi.nlm.nih.gov/pubmed/19919840
https://doi.org/10.1016/j.jim.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33969358
https://doi.org/10.33696/signaling.2.035
http://www.ncbi.nlm.nih.gov/pubmed/25369286
https://doi.org/10.1371/journal.pone.0111703
http://www.ncbi.nlm.nih.gov/pubmed/29247129
https://doi.org/10.1124/pr.117.013896
http://www.ncbi.nlm.nih.gov/pubmed/31465719
https://doi.org/10.17305/bjbms.2019.4320
http://www.ncbi.nlm.nih.gov/pubmed/33576407
https://doi.org/10.1093/cvr/cvab046
http://www.ncbi.nlm.nih.gov/pubmed/34356845
https://doi.org/10.3390/biomedicines9070781
http://www.ncbi.nlm.nih.gov/pubmed/29332977
http://www.ncbi.nlm.nih.gov/pubmed/17035633
https://doi.org/10.1091/mbc.e06-04-0320


	24.	 Goodwin AM, Kitajewski J, D’Amore PA. Wnt1 and Wnt5a affect endothelial proliferation and capillary 
length; Wnt2 does not. Growth Factors 2007;25:25-32. 
PUBMED | CROSSREF

	25.	 Birdsey GM, Shah AV, Dufton N, Reynolds LE, Osuna Almagro L, Yang Y, et al. The endothelial transcription 
factor ERG promotes vascular stability and growth through Wnt/β-catenin signaling. Dev Cell 2015;32:82-96. 
PUBMED | CROSSREF

	26.	 Wadey KS, Somos A, Leyden G, Blythe H, Chan J, Hutchinson L, et al. Pro-inflammatory role of Wnt/β-
catenin signaling in endothelial dysfunction. Front Cardiovasc Med 2023;9:1059124. 
PUBMED | CROSSREF

	27.	 Kim DJ, Park CS, Yoon JK, Song WK. Differential expression of the Wnt and Frizzled genes in Flk1+ cells 
derived from mouse ES cells. Cell Biochem Funct 2008;26:24-32. 
PUBMED | CROSSREF

	28.	 Vikram A, Kim YR, Kumar S, Naqvi A, Hoffman TA, Kumar A, et al. Canonical Wnt signaling induces 
vascular endothelial dysfunction via p66Shc-regulated reactive oxygen species. Arterioscler Thromb Vasc 
Biol 2014;34:2301-2309. 
PUBMED | CROSSREF

	29.	 Mehu M, Narasimhulu CA, Singla DK. Inflammatory cells in atherosclerosis. Antioxidants 2022;11:233. 
PUBMED | CROSSREF

	30.	 Shao Y, Zheng Q, Wang W, Xin N, Song X, Zhao C. Biological functions of macrophage-derived Wnt5a, 
and its roles in human diseases. Oncotarget 2016;7:67674-67684. 
PUBMED | CROSSREF

	31.	 Ma B, Hottiger MO. Crosstalk between Wnt/β-catenin and NF-κB signaling pathway during inflammation. 
Front Immunol 2016;7:378. 
PUBMED | CROSSREF

	32.	 Borrell-Pages M, Vilahur G, Romero JC, Casaní L, Bejar MT, Badimon L. LRP5/canonical Wnt signalling 
and healing of ischemic myocardium. Basic Res Cardiol 2016;111:67. 
PUBMED | CROSSREF

	33.	 Xiangdong L, Yuanwu L, Hua Z, Liming R, Qiuyan L, Ning L. Animal models for the atherosclerosis 
research: a review. Protein Cell 2011;2:189-201. 
PUBMED | CROSSREF

	34.	 Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis. Circ Res 2016;118:692-702. 
PUBMED | CROSSREF

	35.	 Martinez-Font E, Pérez-Capó M, Ramos R, Felipe I, Garcías C, Luna P, et al. Impact of Wnt/β-catenin 
inhibition on cell proliferation through CDC25A downregulation in soft tissue sarcomas. Cancers (Basel) 
2020;12:2556. 
PUBMED | CROSSREF

	36.	 Conacci-Sorrell M, Zhurinsky J, Ben-Ze’ev A. The cadherin-catenin adhesion system in signaling and 
cancer. J Clin Invest 2002;109:987-991. 
PUBMED | CROSSREF

	37.	 Lecarpentier Y, Schussler O, Hébert JL, Vallée A. Multiple targets of the canonical Wnt/β-catenin 
signaling in cancers. Front Oncol 2019;9:1248. 
PUBMED | CROSSREF

	38.	 Zhang Q, Pan Y, Ji J, Xu Y, Zhang Q, Qin L. Roles and action mechanisms of Wnt4 in cell differentiation 
and human diseases: a review. Cell Death Dis 2021;7:287. 
PUBMED | CROSSREF

	39.	 Gavagan M, Fagnan E, Speltz EB, Zalatan JG. The scaffold protein Axin promotes signaling specificity 
within the Wnt pathway by suppressing competing kinase reactions. Cell Syst 2020;10:515-525.e5. 
PUBMED | CROSSREF

	40.	 Duran J, Oyarce C, Pavez M, Valladares D, Basualto-Alarcon C, Lagos D, et al. GSK-3β/NFAT signaling is 
involved in testosterone-induced cardiac myocyte hypertrophy. PLoS One 2016;11:e0168255. 
PUBMED | CROSSREF

	41.	 Park YJ, Yoo SA, Kim M, Kim WU. The role of calcium-calcineurin-NFAT signaling pathway in health and 
autoimmune diseases. Front Immunol 2020;11:195. 
PUBMED | CROSSREF

	42.	 Islam MM, Hlushchenko I, Pfisterer SG. Low-density lipoprotein internalization, degradation and 
receptor recycling along membrane contact sites. Front Cell Dev Biol 2022;10:826379. 
PUBMED | CROSSREF

	43.	 Chistiakov DA, Bobryshev YV, Orekhov AN. Macrophage-mediated cholesterol handling in 
atherosclerosis. J Cell Mol Med 2016;20:17-28. 
PUBMED | CROSSREF

234https://doi.org/10.12997/jla.2023.12.3.223

Wnt Signaling in Atherosclerosis

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

http://www.ncbi.nlm.nih.gov/pubmed/17454147
https://doi.org/10.1080/08977190701272933
http://www.ncbi.nlm.nih.gov/pubmed/25584796
https://doi.org/10.1016/j.devcel.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/36794234
https://doi.org/10.3389/fcvm.2022.1059124
http://www.ncbi.nlm.nih.gov/pubmed/17154359
https://doi.org/10.1002/cbf.1391
http://www.ncbi.nlm.nih.gov/pubmed/25147340
https://doi.org/10.1161/ATVBAHA.114.304338
http://www.ncbi.nlm.nih.gov/pubmed/35204116
https://doi.org/10.3390/antiox11020233
http://www.ncbi.nlm.nih.gov/pubmed/27608847
https://doi.org/10.18632/oncotarget.11874
http://www.ncbi.nlm.nih.gov/pubmed/27713747
https://doi.org/10.3389/fimmu.2016.00378
http://www.ncbi.nlm.nih.gov/pubmed/27704249
https://doi.org/10.1007/s00395-016-0585-y
http://www.ncbi.nlm.nih.gov/pubmed/21468891
https://doi.org/10.1007/s13238-011-1016-3
http://www.ncbi.nlm.nih.gov/pubmed/26892967
https://doi.org/10.1161/CIRCRESAHA.115.306361
http://www.ncbi.nlm.nih.gov/pubmed/32911761
https://doi.org/10.3390/cancers12092556
http://www.ncbi.nlm.nih.gov/pubmed/11956233
https://doi.org/10.1172/JCI0215429
http://www.ncbi.nlm.nih.gov/pubmed/31803621
https://doi.org/10.3389/fonc.2019.01248
http://www.ncbi.nlm.nih.gov/pubmed/34642299
https://doi.org/10.1038/s41420-021-00668-w
http://www.ncbi.nlm.nih.gov/pubmed/32553184
https://doi.org/10.1016/j.cels.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27977752
https://doi.org/10.1371/journal.pone.0168255
http://www.ncbi.nlm.nih.gov/pubmed/32210952
https://doi.org/10.3389/fimmu.2020.00195
http://www.ncbi.nlm.nih.gov/pubmed/35141225
https://doi.org/10.3389/fcell.2022.826379
http://www.ncbi.nlm.nih.gov/pubmed/26493158
https://doi.org/10.1111/jcmm.12689


	44.	 Charles KN, Shackelford JE, Faust PL, Fliesler SJ, Stangl H, Kovacs WJ. Functional peroxisomes are 
essential for efficient cholesterol sensing and synthesis. Front Cell Dev Biol 2020;8:560266. 
PUBMED | CROSSREF

	45.	 Liu Y, Neogi A, Mani A. The role of Wnt signalling in development of coronary artery disease and its risk 
factors. Open Biol 2020;10:200128. 
PUBMED | CROSSREF

	46.	 Fahed G, Aoun L, Bou Zerdan M, Allam S, Bou Zerdan M, Bouferraa Y, et al. Metabolic syndrome: updates 
on pathophysiology and management in 2021. Int J Mol Sci 2022;23:786. 
PUBMED | CROSSREF

	47.	 Go GW, Srivastava R, Hernandez-Ono A, Gang G, Smith SB, Booth CJ, et al. The combined 
hyperlipidemia caused by impaired Wnt-LRP6 signaling is reversed by Wnt3a rescue. Cell Metab 
2014;19:209-220. 
PUBMED | CROSSREF

	48.	 Joiner DM, Ke J, Zhong Z, Xu HE, Williams BO. LRP5 and LRP6 in development and disease. Trends 
Endocrinol Metab 2013;24:31-39. 
PUBMED | CROSSREF

	49.	 Wang F, Liu Z, Park SH, Gwag T, Lu W, Ma M, et al. Myeloid β-catenin deficiency exacerbates 
atherosclerosis in low-density lipoprotein receptor-deficient mice. Arterioscler Thromb Vasc Biol 
2018;38:1468-1478. 
PUBMED | CROSSREF

	50.	 Actis Dato V, Chiabrando GA. The role of low-density lipoprotein receptor-related protein 1 in lipid 
metabolism, glucose homeostasis and inflammation. Int J Mol Sci 2018;19:1780. 
PUBMED | CROSSREF

	51.	 He K, Wang J, Shi H, Yu Q, Zhang X, Guo M, et al. An interspecies study of lipid profiles and 
atherosclerosis in familial hypercholesterolemia animal models with low-density lipoprotein receptor 
deficiency. Am J Transl Res 2019;11:3116-3127.
PUBMED

	52.	 Xian X, Ding Y, Dieckmann M, Zhou L, Plattner F, Liu M, et al. LRP1 integrates murine macrophage 
cholesterol homeostasis and inflammatory responses in atherosclerosis. eLife 2017;6:e29292. 
PUBMED | CROSSREF

	53.	 Kaiser K, Gyllborg D, Procházka J, Salašová A, Kompaníková P, Molina FL, et al. Wnt5a is transported 
via lipoprotein particles in the cerebrospinal fluid to regulate hindbrain morphogenesis. Nat Commun 
2019;10:1498. 
PUBMED | CROSSREF

	54.	 Boucher P, Matz RL, Terrand J. atherosclerosis: gone with the Wnt? Atherosclerosis 2020;301:15-22. 
PUBMED | CROSSREF

	55.	 Bhatt PM, Malgor R. Wnt5a: a player in the pathogenesis of atherosclerosis and other inflammatory 
disorders. Atherosclerosis 2014;237:155-162. 
PUBMED | CROSSREF

	56.	 Qin L, Hu R, Zhu N, Yao HL, Lei XY, Li SX, et al. The novel role and underlying mechanism of Wnt5a in 
regulating cellular cholesterol accumulation. Clin Exp Pharmacol Physiol 2014;41:671-678. 
PUBMED | CROSSREF

	57.	 Azbazdar Y, Karabicici M, Erdal E, Ozhan G. Regulation of Wnt signaling pathways at the plasma 
membrane and their misregulation in cancer. Front Cell Dev Biol 2021;9:631623. 
PUBMED | CROSSREF

	58.	 Jacobo-Albavera L, Domínguez-Pérez M, Medina-Leyte DJ, González-Garrido A, Villarreal-Molina T. The 
role of the ATP-binding cassette A1 (ABCA1) in human disease. Int J Mol Sci 2021;22:1593. 
PUBMED | CROSSREF

	59.	 Zhang CJ, Zhu N, Liu Z, Shi Z, Long J, Zu XY, et al. Wnt5a/Ror2 pathway contributes to the regulation of 
cholesterol homeostasis and inflammatory response in atherosclerosis. Biochim Biophys Acta Mol Cell 
Biol Lipids 2020;1865:158547. 
PUBMED | CROSSREF

	60.	 Yang P, Troncone L, Augur ZM, Kim SS, McNeil ME, Yu PB. The role of bone morphogenetic protein 
signaling in vascular calcification. Bone 2020;141:115542. 
PUBMED | CROSSREF

	61.	 Cheng SL, Behrmann A, Shao JS, Ramachandran B, Krchma K, Bello Arredondo Y, et al. Targeted 
reduction of vascular Msx1 and Msx2 mitigates arteriosclerotic calcification and aortic stiffness in LDLR-
deficient mice fed diabetogenic diets. Diabetes 2014;63:4326-4337. 
PUBMED | CROSSREF

235https://doi.org/10.12997/jla.2023.12.3.223

Wnt Signaling in Atherosclerosis

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

http://www.ncbi.nlm.nih.gov/pubmed/33240873
https://doi.org/10.3389/fcell.2020.560266
http://www.ncbi.nlm.nih.gov/pubmed/33081636
https://doi.org/10.1098/rsob.200128
http://www.ncbi.nlm.nih.gov/pubmed/35054972
https://doi.org/10.3390/ijms23020786
http://www.ncbi.nlm.nih.gov/pubmed/24506864
https://doi.org/10.1016/j.cmet.2013.11.023
http://www.ncbi.nlm.nih.gov/pubmed/23245947
https://doi.org/10.1016/j.tem.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29724817
https://doi.org/10.1161/ATVBAHA.118.311059
http://www.ncbi.nlm.nih.gov/pubmed/29914093
https://doi.org/10.3390/ijms19061780
http://www.ncbi.nlm.nih.gov/pubmed/31217881
http://www.ncbi.nlm.nih.gov/pubmed/29144234
https://doi.org/10.7554/eLife.29292
http://www.ncbi.nlm.nih.gov/pubmed/30940800
https://doi.org/10.1038/s41467-019-09298-4
http://www.ncbi.nlm.nih.gov/pubmed/32289618
https://doi.org/10.1016/j.atherosclerosis.2020.03.024
http://www.ncbi.nlm.nih.gov/pubmed/25240110
https://doi.org/10.1016/j.atherosclerosis.2014.08.027
http://www.ncbi.nlm.nih.gov/pubmed/24827906
https://doi.org/10.1111/1440-1681.12258
http://www.ncbi.nlm.nih.gov/pubmed/33585487
https://doi.org/10.3389/fcell.2021.631623
http://www.ncbi.nlm.nih.gov/pubmed/33562440
https://doi.org/10.3390/ijms22041593
http://www.ncbi.nlm.nih.gov/pubmed/31678514
https://doi.org/10.1016/j.bbalip.2019.158547
http://www.ncbi.nlm.nih.gov/pubmed/32736145
https://doi.org/10.1016/j.bone.2020.115542
http://www.ncbi.nlm.nih.gov/pubmed/25056439
https://doi.org/10.2337/db14-0326


	62.	 Zhai Y, Iura A, Yeasmin S, Wiese AB, Wu R, Feng Y, et al. MSX2 is an oncogenic downstream target of 
activated Wnt signaling in ovarian endometrioid adenocarcinoma. Oncogene 2011;30:4152-4162. 
PUBMED | CROSSREF

	63.	 Akoumianakis I, Polkinghorne M, Antoniades C. Non-canonical Wnt signalling in cardiovascular disease: 
mechanisms and therapeutic implications. Nat Rev Cardiol 2022;19:783-797. 
PUBMED | CROSSREF

	64.	 Schindeler A, Lee LR, O’Donohue AK, Ginn SL, Munns CF. Curative cell and gene therapy for 
osteogenesis imperfecta. J Bone Miner Res 2022;37:826-836. 
PUBMED | CROSSREF

	65.	 Grumolato L, Liu G, Mong P, Mudbhary R, Biswas R, Arroyave R, et al. Canonical and noncanonical Wnts 
use a common mechanism to activate completely unrelated coreceptors. Genes Dev 2010;24:2517-2530. 
PUBMED | CROSSREF

	66.	 Zeng CM, Chen Z, Fu L. Frizzled receptors as potential therapeutic targets in human cancers. Int J Mol Sci 
2018;19:1543. 
PUBMED | CROSSREF

	67.	 Fan J, Wei Q, Liao J, Zou Y, Song D, Xiong D, et al. Noncanonical Wnt signaling plays an important role 
in modulating canonical Wnt-regulated stemness, proliferation and terminal differentiation of hepatic 
progenitors. Oncotarget 2017;8:27105-27119. 
PUBMED | CROSSREF

	68.	 Li J, Zhu H, Shen E, Wan L, Arnold JM, Peng T. Deficiency of rac1 blocks NADPH oxidase activation, 
inhibits endoplasmic reticulum stress, and reduces myocardial remodeling in a mouse model of type 1 
diabetes. Diabetes 2010;59:2033-2042. 
PUBMED | CROSSREF

236https://doi.org/10.12997/jla.2023.12.3.223

Wnt Signaling in Atherosclerosis

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

http://www.ncbi.nlm.nih.gov/pubmed/21499300
https://doi.org/10.1038/onc.2011.123
http://www.ncbi.nlm.nih.gov/pubmed/35697779
https://doi.org/10.1038/s41569-022-00718-5
http://www.ncbi.nlm.nih.gov/pubmed/35306687
https://doi.org/10.1002/jbmr.4549
http://www.ncbi.nlm.nih.gov/pubmed/21078818
https://doi.org/10.1101/gad.1957710
http://www.ncbi.nlm.nih.gov/pubmed/29789460
https://doi.org/10.3390/ijms19051543
http://www.ncbi.nlm.nih.gov/pubmed/28404920
https://doi.org/10.18632/oncotarget.15637
http://www.ncbi.nlm.nih.gov/pubmed/20522592
https://doi.org/10.2337/db09-1800

	Mechanisms of the Wnt Pathways as a Potential Target Pathway in Atherosclerosis
	OVERVIEW OF THE Wnt PATHWAYS
	1. The canonical Wnt pathway
	2. Noncanonical Wnt pathways

	Wnt SIGNALING IN ATHEROSCLEROSIS
	1. Wnt signaling in endothelial dysfunction
	2. Wnt signaling in inflammation
	3. Wnt signaling in vSMC activation
	4. Wnt-receptor interaction and cholesterol homeostasis
	5. Involvement of Wnt signaling in atherosclerotic vascular calcification

	TARGETING STRATEGIES
	1. Potential targets
	Wnt ligands and SFRP inhibitors
	Wnt receptors
	Downstream signal transduction molecules


	CONCLUSION
	REFERENCES


